Abstract: This paper presents the assay on the radiochemical degradation of UHMWPE films containing rosemary. Three concentrations of natural polyphenolic extract were selected: 0, 0.25 and 0.50 % (w/w). FTIR and UV-VIS spectra were recorded and the variation in the characteristic bands was followed. The accumulation of carbonyl and hydroperoxyl structures was attempted for all samples including neat specimen. The contribution of additive to the protection of UHMWPE against oxidative degradation is discussed in relation with polyphenol concentration and irradiation dose. The spectral information is correlated with the results of chemiluminescence investigation. The increase in the additive concentration brings about significant longer induction times that are determined by the slower accumulation of primary intermediates, hydroperoxides. The antioxidant efficiency of rosemary extract is also revealed by the variation in carbonyl and hydroxyl indexes.
Introduction
Ultra-high molecular weight polyethylene (UHMWPE) is usually employed in the manufacture of several bone and total knee replacement. These orthopaedic implants have to present some functional characteristics that allow the long term practice in human body: the perfect compatibility with local tissues, long durability under mechanical and chemical stress, easy manufacturing procedure, low cost in connection with natural part substitution. There were reported various aspect of the stability investigations for characterizing the functionality of UHMWPE. The accelerated testing evaluation of the performances of polyolefins is a practice-linked topic which is comprehended in different degradative environments for example ref. [1, 2] . Irradiation is usually employed for the sterilizing and crosslinking of UHMWPE. The materials subjected to the action of high energy radiation undergo important modifications, whose amplitudes have been discussed in detail [3 -5] .
Due to the complexity of the radiolysis process occurred in polymers with the peculiarities for each kind of material, the progress in oxidation depends on the molecular structure of processed compound and, in the same time, on the presence of additive and/or filler, which causes an unlike profile of degradation. UHMWPE, one of the surgical implantation materials, is oxidized in air during ionizing radiation exposure. The reactions of free radicals with molecular oxygen that exists in or diffuses into polymer represent the background of degradation. The evaluation of contribution for each type of radical may highlight the degradation mechanism. The formation of alkyl, allyl and polyenyl radicals was demonstrated by O'Neil et al. [6] , Brunella et al. [7] and Buttafava et al. [8] after irradiation of UHMWPE in vacuum, but after 70 days of ageing, they are transformed into peroxides [9] . After 100 days of storage in air, all these free radicals contained in their material subjected to 5 kGy were turned to peroxyl structures. Despite recognized success of total joint arthroplasy, wear is the principal barrier that limits the durability of UHMWPE implanted components [10] . RO 2 . radicals decay slowly, even though a large amount of hydrogen atoms is available. H abstraction is a high energy reaction (60 kcal/mol) and, consequently, peroxyl radicals could be still be found after many weeks of storage [11] .
The unstabilized UHMWPE was characterized by Kim et al. [12] for the evolution of oxidation along 2.0 mm depth. They found that the oxidation expressed as carbonyl index is diminished with about 40 % and 300 % for the doses of 50 kGy and 500 kGy, respectively on the length from 0.25 to 0.40 mm relative to the edge of specimen. Further on, carbonyl index remains constant up to the length of other 1.6 mm. It means that the fast oxidation takes place on the first 0.4 mm, where the oxygenated products were accumulated as the result of oxygen diffusion. An unlike behavior for trans-vinylene index was found. The maximum amounts of trans-vinylene units were determined up to 2.0 mm from a total length of 4.5 mm, attending values of 0.025 and 0.15 for 50 kGy and 500 kGy, respectively during irradiation in air.
The performances of UHMWPE during radiolytic oxidation were investigated by Jahan et al., who analyzed the structural modifications, occurred during radiation sterilization [13] . The initial free radical distribution in the open-air sample differs from those in the vacuum-sealed samples. In the absence of oxygen the prominent amount of radicals consists of primary allyl structures ( -CH 2 -CH = CH* -CH -CH 2 -) which was pointed out in ESR spectra as common seven-line patterns. Consequently, the degradation in air takes place with the formation of hydroperoxides revealed by singlet signal.
After the FTIR analysis on more than 150 never implanted and 500 retrieved prosthetic components, Bracco et al. [14] reported the detailed mechanism of radiolytic degradation of UHMWPE products. They found that the distribution of degradation products depends on the pressure of oxygen, the dose rate and the temperature of exposure, implant environment. These factors lead to the certain oxidation profiles of ageing.
The interest in the usage of natural antioxidant products is continuously increased due to the peculiar features they confer relative to significant advantages for people health. The protection of polymers against the degradative effects promoted by high energy irradiation requires efficient additives preventing and/or stopping chain reaction type oxidative alteration. Nature offers several solutions to obtain appropriate antioxidants with higher activity than synthesis ones [15 -23] . Carnosic acid, rosmarinic acid, caffeic acid, ursolic acid, betulinic acid, rosmaridiphenol, and rosmanol are containes in the extracts of rosemary [24] . The extracts of rosemary are very rich in carnosol and carnosic acid; their proportion covers over 90 % of the whole antioxidant content [25] explaining the exceptional stabilization activity of these extracts. Other active antioxidant components belong to the classes of essential oils, polyphenols (flavonoids, phenolic acids) and terpenoids (diterpenoids, triterpenoids) [26] . The content of 0.25 % of rosemary extract enhanced 55 times the oxidation induction time in the thermal degradation of paraffin [27] . The components of rosemary extracts are very efficient stabilizers against oxidation by blocking free radicals towards reaction with oxygen according with the mechanism proposed by Pospišil [28] . However, the cascade mechanism in the oxidation of carnosic acid is responsible for the formation of other intermediates as active antioxidant structures which maintain the high level in stabilization activity [29] .
The stability of ultra-high molecular weight polyethylene reveals the susceptibility to degradation under the action of high energy radiation even when it is exposed to radiolysis in air or water [30] . For the basic knowledge concerning the degradation evaluation during thermal and radiochemical degradation of UHMWPE a conceptual model based on the effect of radical migration, oxygen diffusion and the chain reactions in linear low density polyethylene has been recommended [31] .
This paper represents an extension of our investigations on the antioxidative of carnosic acid and their derivative [32] onto the study of the stabilization activity of rosemary extracts on the UHMWPE.
Results and discussion
The prosthesis materials like UHMWPE are usually sterilized in radiation field at doses placed between 20 and 40 kGy causing structural modifications in the polymer macromolecules predominantly in the amorphous phase. The free radicals formed due to the energetic transfer onto molecular chains undergo reactions that are conditioned by the presence of oxygen: crosslinking and/or oxidative degradation [32 -34] . However, the long life radicals penetrate the boundary between crystalline and amorphous phases and are subsequently oxidized in the terminal places [35] . The progress in the oxidative degradation of UHMWPE modified with rosemary extract is illustrated by means of FTIR spectra (Fig. 1) . The end of irradiation has found the polymer films in different oxidation states demonstrated by the modifications occurred in FTIR spectra (3350 cm -1 for bonded hydroxyl, 1720 cm -1 for carbonyl region and 965 cm -1 for trans-vinylene units).
The presence of rosemary extract components is detected in the unirradiated samples. Fig. 2 presents the carbonyl spectral region in FTIR records obtained for various levels of additive content. The evolution of this band is somewhat dissimilar because the doublet structure in the spectra of ultra-high molecular polyethylene stabilized with 0.50 % natural extract is still present even at the irradiation dose of 50 kGy. The transformations occurred involving free radicals formed by the scissions in UHMWPE macromolecules during irradiation can be illustrated by the mechanism proposed by Singh [5] and Brunella et al. [7] . The accumulation of oxygenated products is strongly influenced by the presence of stabilizer, in our case -rosemary extract. Figs. 3a and 3b show the alteration of oxidation state in different samples of UHMWPE at increasing irradiation dose. The augmentation in the hydroxyl and carbonyl indexes by enhancing exposure dose has confirmed the involvement of oxygen diffusion into polymer material and the transformation of hydroperoxides into carbonyl structure by bimolecular reaction accordingly to the mechanism reported elsewhere [36] . The buildup rate for carbonyl groups exceeds the accumulation rate of hydroperoxides due either to the decay of ROOHs or the direct reaction of molecular oxygen with free radicals followed by the intramolecular rearrangement. The majority of phenolic structures of the components of rosemary extract hinder the oxidation process leading to higher chemical stability.
The UV-Vis spectra (Fig. 4) recorded on the studied UHMWPE films point out the formation of double bonds faster in the neat material than in the stabilized ones.
The effect of synthetic stabilizer (Irganox 1010, an efficient antioxidant) was reported in irradiated polyolefin copolymer [37] , where the delaying of degradation was emphasized. Similarly, rosemary extract produces a significant protection of UHMWPE, especially at the concentration of 0.5 %. The variation in the concentration of various final oxygenate products would happen similarly to low density polyethylene [38] , but the detailed investigation on this aspect will be published later on. Fig. 4 . UV-Vis spectra for pristine and stabilized UHMWPE with rosemary extract. Dose range: 0 -62 kGy.
The thermal stability of unexposed UHMWPE is presented in Fig. 5 . The sequence of chemiluminescence curves depicts the variation in the ability of materials under various state of stabilization relative to the progress of oxidation. The presence of rosemary extract, which contained several very active components [25] , brings about a significant improvement in the thermal stability of UHMWPE. The direct consequence of this enhancement in the material life time would also be the chemical resistance. The correlation of these two features is explained by the high efficiency of rosemary extract in the scavenging of free radicals. 
Conclusions
The benefit brought about by the addition of rosemary extract into UHMWPE consists not only in the efficient stabilization of polymer, but also in the formulation with biocompatible stabilizer. The concentration of 0.5 % or more in rosemary extract ensures long term wearability of this material for bond reconstruction. An extension of application area for rosemary-stabilized UHMWPE may be the peculiar usage at high temperature service instead of fluorinated polymers. The progress in the oxidative degradation of ultra-high molecular weight polyethylene in the presence of natural antioxidants happened to be similar to the synthesis of phenols [38] , but the curative behavior of rosemary extract recommends it as pertinent additive for the production of prosthesis.
The effectiveness in the stabilization of UHMWPE substrate is based on the active phenolic structures encompassed in rosemary extract as flavonoid components.
The destruction of joint replacements and bone surgical corrections due to the harmful effects induced by synergistic action of mechanical charge and chemical environment attack would be minimized by the addition of maximum 0.5 % of rosemary extract, it being known that the simultaneous diffusion of its antioxidant active components into body is a protective treatment for general health.
Experimental part
UHMWPE was provided by ARPECHIM Piteşti (Romania) as A 31S/130 type. It was characterized as density (0.935 g.cm -3 ), crystallinity level (61 %) and average molecular weight ( w M =800,000).
Fresh rosemary leaves were collected, cleaned, dried and powdered in a grinder. The vegetal material was then refluxed in 2 litres of ethanol at 65 -75 0 C for 10 h during continuous extraction in Soxhlet apparatus till a yellow-greenish powder was obtained in the collection bag. The extract in ethanol solution was subjected to precipitation by non-solvent method (the addition of one solvent into mother solution causing the precipitation of insoluble component) and solid phase was finally filtered and dried under vacuum. All reagents were of analytical grade purity.
Polymer films with thickness of 100 m were prepared by passing pristine and stabilized UHMWPE through a plastograph. Then, all materials were pressed at preheating temperature of 190 0 C for 15 minutes, followed by pressing at 300 bar for 10 minutes at the same temperature.
The irradiation of polymer films was carried out in air at room temperature byradiation exposure in a 137 Cs GAMMATOR M-38-2 (USA) equipment. The dose rate was 0.4 kGy/h.
The evaluation of oxidation state of polymer samples was carried out by FTIR spectroscopy (JASCO spectrometer -Japan, model 4200), UV/VIZ/NIR determinations (JASCO spectrophotometer -Japan, model V 650) and chemiluminescence (LUMIPOL 3 -SAS Slovakia). The carbonyl and hydroxyl indexes were calculated by the division of absorbencies at 1720 cm -1 and 3360 cm -1 , respectively, by the absorbance measures at 1375 cm -1 . The procedure for CL investigations, which is based on the recording of photon emission by excited state of carbonyl moieties, was previously reported [39] .
